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INTRODUCTION
Two decades ago, Fuchs et al. (1995) published the first study in which an exceptional character of telomeres was described in the Alliaceae family (recently defined as the sub-family Allioideae in the family Amaryllidaceae according to the Angiosperm Phylogeny Group) (Bremer et al., 2009) . They showed that telomeres comprising (TTTAGGG) n repeats were absent in the Alliaceae family, and thus were not universal throughout plants, as had been presumed before. This groundbreaking result initiated follow-up studies of the variability and evolution of plant telomeres, as well as attempts to identify possible alternative mechanism(s) responsible for their synthesis. Candidates for alternative telomeric sequences included ribosomal RNA genes (rDNA) or sub-telomeric satellite sequences that may be spread by homologous recombination (Pich et al., 1996) , essentially in the manner described in yeast Sacharomyces cerevisiae (Lundblad and Blackburn, 1993) and later for alternative lengthening of telomeres in telomerase-negative human tumour cell lines Reddel et al., 1997) , some dipteran species (Roth et al., 1997) , and Arabidopsis tert mutants (Siroky et al., 2003; Ruckova et al., 2008) . The hypothesis of a possible involvement of rDNA or other heterochromatic repeats in Allium telomere structure and maintenance was further supported by the recent description of heterochromatin amplification-mediated and telomerase-independent (HAATI) survivors in Schizosaccharomyces pombe (Jain et al., 2010) , in which the canonical telomeric sequences at chromosomal ends are replaced by 'generic' heterochromatic repeats, usually of rDNA. A possible involvement of Ty1-copia retrotransposons (by analogy with the composition and retrotransposition-based maintenance of Drosophila melanogaster telomeres) was also suggested for Allium (Kumar et al., 1997) , but a subsequent study did not support this idea (Pich and Schubert, 1998) . Further, relics of Copia-like retroelements were found in intergenic spacers of rDNA in Allium cernuum, and units containing the putative retrotransposon fragment increased in copy number and dispersed via rDNA homogenization mechanisms, rather than by multiple retrotransposition events (Chester et al., 2010) .
To clarify the evolution of plant telomeres and strategies for their maintenance, extensive studies of telomere evolutionary variability have been performed in Asparagales plants. We showed that, in a number of families in this order, starting from divergence of the Iridaceae family, the typical Arabidopsis-type telomeric sequence was partly or fully replaced by the vertebrate-type sequence (TTAGGG) n , synthesized by telomerase (Sykorova et al., 2003 (Sykorova et al., , 2006b ). It became clear that Allioideae (formerly Alliaceae) also share this type of telomeres, except for the genus Allium, in which neither of the above-mentioned repeats or their known variants were detected at chromosome termini (although they were found at interstitial positions, and proteins specifically binding these repeats were detected in Allium extracts), and a corresponding telomerase activity was also absent (Fajkus et al., 2005b; Sykorova et al., 2006a) .
The evolution of Allium genus proceeded along three separate evolutionary lineages that correspond to the subdivision of this genus into three major clades (basal clade 1, and sister clades 2 and 3) (Friesen et al., 2006; Li et al., 2010) . The genus comprises approximately 800 species with huge genetic diversity and genome sizes (1C value = 7.5-74 Gbp) (http://data.kew.org/cvalues/).
Here we take advantage of the availability of new data and affordability of 'omic' approaches to re-assess the enigmatic Allium telomeres. Combining bioinformatics analysis of transcriptomic and genomic data with conventional molecular biology and cytogenetics approaches routinely utilized in telomere research (Fajkus et al., 2005a) , we characterized the unusual telomeric sequence present in Allium and demonstrate its synthesis by telomerase.
RESULTS
Genomic in situ hybridization (GISH) suggests the existence of putative common terminal sequences in diverse Allium species
To investigate the question of whether Allium species share the same terminal sequences (putative telomere repetitive sequences), we hybridized in situ chromosomes of Allium ursinum (basal clade 1) using whole genomic DNA from distantly related Allium cepa (clade 3) as a probe. All chromosomes of A. ursinum were reproducibly labelled in a terminal position with the A. cepa genomic DNA probe (Figure 1 and Figure S1 ), in contrast to a control 25S rDNA probe that localized to only 14 chromosome termini. At these termini, 25S rDNA co-localized with the genomic probe (Figure 1 ). These results show that highcopy-number sequences that label telomeres of A. ursinum are present in the genome of its distant relative A. cepa.
Next-generation sequencing (NGS) data reveal common BAL31-sensitive sequences in 11 Allium species
We applied three assumptions in our NGS data analysis: a good candidate comprises low-complexity tandem repeats with at least two consecutive guanines in the sequence unit, is under-represented in genomic DNA after BAL31 digestion compared to the corresponding undigested sample, and is present in most, if not all, of the tested Allium species. We sequenced the genomes of 11 Allium species (see Experimental procedures), and compared repeats present in these genomes using two independent approaches. The first approach comprised use of the Tandem Repeats Finder (TRFi) tool (Benson, 1999) , which revealed 1 852 804 tandems motifs (patterns) with a repeat unit up to 15 bp in 1 667 057 reads from a total of 336 081 856 reads (all datasets together). The number of reads was lower than the number of displayed motifs because one read may possess more than a single pattern. We removed 46 968 reads with tandems consisting of fewer than three repeat units. Finally, the remaining reads were classified according to their repeat motif into 76 737 distinct tandem patterns. However, most of these patterns appeared rarely (relative to the number of reads in the datasets), and were not shared by all species. We performed additional filtering of these 76 737 patterns. Only 17 patterns had zero occurrences in genomic data in fewer than three tested species, or occurred more often in BAL31-treated material than in non-BAL31-treated material for fewer than three tested species. Of these 17 candidates, fewer than two consecutive Gs/Cs were found in the motif in nine cases. The 12 bp mini-satellite CTCGGTTATGGG was the only tandem repeat that was found in all datasets, and its frequency was lower in datasets of BAL31-treated material in all species. The second candidate considered, based on filtering TRFi output, was the motif CTTGGG (see Tables S1 and  S2 ).
The second independent approach was linguistic sequence complexity analysis (LSCA, see Experimental procedures). LSCA gave similar results to TRFi. This procedure produced 110 motifs, most of which occurred only once (in one species). Eleven motifs were represented at least twice, of which only three motifs were present in at least half of the species (i.e. six times): AACCGAGCCCAT (ten times), AAG (six times) and ACAT (six times). The repeat AACCGAGCCCAT is equivalent to CTCGGTTA TGGG, which was discovered by TRFi, as it represents a permuted complementary sequence of the same tandem repeat. Use of BLASTN indicated that the sequence CTCGGTTATGGG was BAL31-sensitive, using nine repeats as a query. In all tested species (except A. ursinum, in which only six reads were found by BLASTN in the genomic dataset), we detected a decreased occurrence of the query in BAL31 datasets relative to genomic data from non-treated samples. We chose 5S and 45S rRNA genes as two markers for the BLASTN tool with the same option set-up. As expected due to the internal position of the 5S rDNA loci in chromosomes, the frequency of the 5S rRNA gene sequence did not decrease due to BAL31 treatment in eight tested species. In three species, A. cernuum, Allium nutans and Allium sativum, we detected fewer reads in BAL31-treated datasets than in genomic datasets. Unlike the 5S rRNA gene, the 45S rDNA cluster is mostly BAL31-sensitive, and only DNA from A.cepa, A. nutans and A. ursinum was enriched in 45S rDNA after BAL31 treatment (Table S3) .
Transcriptome data show the presence of fragments homologous to TERT Using the BLASTN algorithm with the TERT coding sequence from Scilla peruviana (SpTERT) (GenBank accession number AY818171.1) as a query against the NCBI (http://www.ncbi.nlm.nih.gov) Allium transcriptome shotgun assembly databases and sequence read archive databases for A. cepa (GenBank accession number SRX188612) and A. fistulosum (GenBank accession number DRX005522) transcripts identified Allium TERT-like fragments. In total, ten sequences from Allium fistulosum and ten sequences from A. cepa with significant similarity (e-value less than E-10) to the SpTERT query were found. Sequences from both Allium species were mapped to SpTERT ( Figure S2 ) to assess the preliminary gene structure of Allium TERT. Mapped sequences were clustered in two separate contigs (Cont1 and Cont2), covering 93.5% of SpTERT. Cont1 corresponds to the TEN domain (with T2, CP and QFP motifs), and Cont2 covers the reverse transcriptase motifs 2 and A-E) and CTE domains. Although the mapped sequences match well to conserved SpTERT motifs, the regions corresponding to SpTERT linkers remain uncovered. Both contigs are separated by an uncovered gap corresponding to the telomerase-specific motif T and reverse transcriptase motif 1 ( Figure S2 ). To determine whether both contigs come from the same locus containing a putative functional TERT gene in Allium, we performed RACE in A. cepa. Primers for 5' and 3' RACE of Allium cepa TERT (AcTERT) ( mapped Allium sequences with respect to conservation and TERT specificity.
Characterization of the Allium TERT coding sequence
Using the 5 0 and 3 0 RACE protocol, we obtained AcTERT cDNA products that overlap each other. Their assembly (Genbank accession number KT381713) comprises the 5 0 UTR (96 nt), the complete coding sequence (3225 nt), and the 3 0 UTR (204 nt). We aligned the translated coding sequence of the newly characterized putative AcTERT to other known TERT genes selected across a wide spectrum of land plants to evaluate its similarity to other orthologues and the presence of TERT-specific motifs. As shown in Figure S3 , AcTERT comprises the telomerasespecific motifs T2, CP, QFP and T, the reverse transcriptase motifs 1, 2 and A-E and the nuclear localization-like signal (NLS), suggesting functionality of the AcTERT gene. The conserved sequence motifs (T2, NLS, CP, QFP, T, 1, 2, A-E) were used to build a phylogenetic tree (Figure S4) by the neighbour-joining method (Saitou and Nei, 1987) . The topology of the phylogenetic tree constructed based on conserved TERT motifs reflects the phylogeny of land plants, and, together with detailed sequence comparison of conserved motifs, indicates that AcTERT corresponds to the gene structure in previously characterized related species from Asparagales.
Telomere repeat amplification protocol (TRAP) and sequencing of reaction products confirms telomerase activity producing (CTCGGTTATGGG) n repeats Of all combinations of substrate and reverse primers used in TRAP with A. cepa extract (Table S2) , only combinations with reverse primers derived from the candidate repeat sequence CTCGGTTATGGG (VRP058 and its sequence-modified variant VRP082) gave positive results. To prevent the possible formation of primer concatenates due to the tandem repeat in VRP058 that may create 'chain' products extended by one additional unit every amplification cycle, we designed the primer VRP082 that has a modified sequence in nucleotide positions 1, 2, 7, 12 and 16, i.e. is changed in both repeat units. In this way, possible false-positive products in the TRAP reaction with VRP058 may be identified by comparison to those generated with VRP082. Moreover, such false-positive products would be also present in negative controls. Actually, all VRP082 clones were tandem arrays of CTCGGTTATGGG surrounded by exactly one substrate and one reverse primer sequence. Reactions with heatdeactivated and RNase A-treated extracts from A. cepa remained negative as well as the negative control reaction without any nuclear extract ( Figure 2b ). A decrease in the amount of A. cepa extract used in TRAP assays from 1.5 lg to 15 ng total proteins led to a gradual Positive results were obtained only with primers VPR058 and VPR082 from all tested reverse primers (Table S2) . (a) Use of a combination of these reverse primers with TS21 as the substrate primer. A decrease in the amount of total protein in the A. cepa extract (1.5 lg, 150 ng or 15 ng), indicated by a wedge above the lanes, resulted in a gradual decrease in the amount of TRAP products. (b) TRAP reactions. Telomerase extraction buffer without any protein extract was used as a negative control (À); the results for the heat-deactivated extract (HD) and RNase A-treated extract (RNase) demonstrate that the A. cepa telomerase activity is sensitive to high temperature and is RNA-dependent. TRAP products were generated by telomerase in protein extracts (1.5 lg) from A. cepa (ex.) or A. thaliana (7-nt). A combination of TS21 and VRP058 primers was used in the TRAP negative control and in tests of telomerase sensitivity. Telomerase from A. thaliana seedlings was incubated with TS21 and TELPR (Table S2) to generate a 7 nt ladder (TTTAGGG) n that was utilized as a periodicity pattern control. Compared with the 7 nt ladder, there was a longer distance between individual bands in A. cepa extract, corresponding to 12 bp telomeric repeats. (c) Investigation of telomerase activity using substrate primers CaMV and 47F in combination with VRP082 reverse primer showed that both substrate primers were elongated by A. cepa telomerase, generating ladders of the same periodicity. The faint bands between major bands of product ladders probably correspond to the alternative initiation of synthesis allowed by these substrate primers. Control 7 nt periodicity ladders were prepared using substrate primers CaMV and 47F, respectively. The size range of the electro-eluted fragments cut from the gel for cloning is indicated by scissors and a vertical bar. decrease in the amount of TRAP products (Figure 2a,c) . TRAP products for cloning were obtained using primer combinations 47F plus VRP058, CaMV plus VRP058, and TS21 plus VRP082 for A. cepa, and 47F plus TELPR for A. thaliana. We cloned TRAP products as DNA fragments eluted from PAGE gels (Figure 2c) , and sequenced 33 clones in total. Clones without primer sequences or any tandem repeat were considered as false-negative results and excluded from the analysis (five clones). We obtained 27 clones from A. cepa reactions and one clone from a control TRAP with A. thaliana ( Figure S5 ). The A. thaliana TRAP clone pVRP149 had a 73 nt insert including substrate and reverse TRAP primers, surrounding 2.3 units of telomeric tandem array. A. cepa clones had 53-124 bp inserts, including substrate and reverse TRAP primers, surrounding 5-77 nt or 0.4-6.4 units of (CTCGGTTATGGG) n tandem repeats. Very low sequence divergence occurred among the cloned TRAP products; a single mismatch was present in three clones and two mismatches were found in two clones. Interestingly, the prevalent sequence of the first five nucleotides synthesized by A. cepa telomerase was ATGGG, suggesting a positioning preference on the template region of the putative telomerase RNA subunit. The A. thaliana clone has TAGGG in the initial substrate elongation product. Figure S5 provides detailed information about these clones, e.g. positions of mismatches.
FISH with a candidate telomeric probe supports its terminal position
Allium cepa chromosome termini were specifically labelled with a probe for the candidate telomeric sequence (CTCGGTTATGGG) n in situ. The presence of any interstitial telomeric repeats of a size detectable by FISH was not observed (Figure 3b,d.f) . Similarly, A. ursinum chromosomes show terminal signals on all chromosomes (Figure 3a ,c,e).
BAL31 terminal restriction fragment analysis reveals the lengths and BAL31 sensitivity of (CTCGGTTATGGG) n telomeres
The terminal position of the candidate telomeric sequence on chromosomes was further confirmed by BAL31 terminal restriction fragment analysis of high-molecular-weight DNA from A. cepa and A. fistulosum. The results of terminal restriction fragment analysis using Taq decreasing median length of terminal restriction fragments evaluated from these hybridization patterns using Telometric 1.2; Grant et al., 2001 ) with increasing duration of BAL31 digestion in both species (Figure 4a , lanes marked 15 0 , 30 0 and 60 0 ) and also indicated by shifting of terminal restriction fragments to the fraction eluted from agarose plugs (fragments ≤ 20 kb) (Figure 4b ).
DISCUSSION
Our pilot experiment (GISH, Figure S1 ) tested the hypothesis that the chromosomes of the distantly related Allium species A. ursinum (clade 1) and A. cepa (clade 3) share common terminal sequences. GISH using a genomic A. cepa probe on A. ursinum chromosomes combined with 25S rDNA FISH revealed that the genome of A. cepa possesses a sequence that localizes at the termini of all A. ursinum chromosomes (Figure 1) , and that this sequence co-localizes with all detected 25S rDNA signals. However, 25S rDNA itself does not occur at all A. ursinum termini (Figure 1) , and there were only two 45S rDNA signals on 2n metaphases of A. cepa corresponding to nucleolus organizer regions on a single A. cepa chromosome arm (Pich and Schubert, 1998) . Based on the assumption that all telomeres in the cell are usually formed by the same repeated sequence, as is the case in other eukaryotes studied so far, we conclude that 25S rDNA probably did not form telomeres. On the other hand, the results indicated that these distant Allium species share common terminal sequences and that the presence of the same candidate telomere sequence in NGS data from multiple Allium species may be used as a criterion for data filtering.
The crucial indication in searching for a putative Allium telomere sequence and its mechanism of synthesis was the identification of cDNA fragments in public transcriptomic databases of A. cepa and A. fistulosum that were homologous to TERT cDNA of distantly related Scilla peruviana (Asparagales), which has evolved telomerase-synthesized human-type telomere repeats ( Figure 5 , see also Sykorova et al., 2006b) . These fragments may represent either non-functional remainders of the ancestral TERT gene, or possibly parts of functional full-length TERT mRNA transcripts. Cloning of the full-length A. cepa TERT cDNA suggested the latter possibility.
We had already generated NGS data from total or BAL31-treated genomic DNA of multiple Allium species. The assumption of telomerase function in telomere maintenance (based on TERT cDNA data) allowed us to focus our search for telomere candidates on low-complexity sequences. We used two independent in silico approaches to analyse NGS data from numerous Allium species: Tandem Repeats Finder (TRFi) (Benson, 1999) and linguistic sequence complexity analysis (LSCA) (Orlov and Potapov, 2004) . The best candidate sequence was then evaluated by (a) High-molecular-weight DNA of A. fistulosum and A. cepa in agarose plugs (N) was digested for increasing time intervals with BAL31 as indicated, and then with the restriction enzyme Taq a I. DNA remaining in the plugs was separated by pulsed-field gel electrophoresis, and median terminal restriction fragment lengths (T) were evaluated from the hybridization pattern of the candidate telomere probe (CTCGGTTATGGG) n . A progressive decrease in T̃to approximately half of the original value in the corresponding non-BAL31-digested sample (0') was observed in both species due to BAL31 digestion. (b) DNA eluted from agarose plugs during restriction enzyme digestion was analysed by conventional agarose electrophoresis and Southern hybridization using the same probe. Sample lanes correspond to those in (a). A minor fraction of BAL31-resistant interstitial telomeric sequence in A. fistulosum is indicated by an asterisk. The positions of markers (in kb) are indicated by horizontal bars.
BLASTN. In contrast to our previous searches for telomeric sequences in Caenorhabditis elegans (Peska et al., 2015) , we decided to use TRFi instead of RepeatExplorer, as the pipeline of RepeatExplorer removes the majority of lowcomplexity sequences to decrease computational demands (Novak et al., 2013) . Combining the three assumptions for a good telomeric candidate sequence (low complexity, BAL31 sensitivity, and conservation in the Allium genus) narrowed the selection of sequences in our NGS data to only one strong candidate: 5 0 -(TTATGGGCTCGG) n -3 0 . The TRFi set-up was limited to detect tandem repeats of 3-15 nt patterns or motifs that comprised at least three units. These parameters were used due to short reads (approximately 90 bp), low abundancy in the dataset, and the possible degenerate sequence of a target. We used BLASTN as a tool that processes large NGS datasets quickly, detects the candidate motif along whole reads, and tolerates a certain amount of variability in repeat units. We expected to detect BAL31 sensitivity for the candidate sequence, in contrast to the 5S rRNA genes used as a control. Indeed, BLASTN found that the candidate sequence was BAL31 sensitive, and that the internal 5S rRNA gene was enriched after BAL31 digestion. However, the 45S rDNA cluster was also decreased in datasets after BAL31 treatment. The biological relevance of this decrease is not clear, but at least two explanations are possible. First, 45S rDNA in Allium species is located in sub-telomeric (telomere-associated) regions and therefore is partially digested by extensive BAL31 treatment, and second, 45S rDNA loci show intrinsic fragility and frequent DNA double-strand breaks as a result of replication fork stalling due to concurrent transcription and replication (Muchova et al., 2015) , which provide additional target sites for initiation of BAL31 digestion. The candidate 5 0 -(TTATGGGCTCGG) n -3 0 sequence met all the search criteria, although a 12 nt unit is quite long when compared to the telomere repeats found in other multicellular eukaryotes.
The FISH experiments clearly demonstrated the presence of the newly characterized telomere repeats at chromosome termini in Allium species (Figure 3) , and the results of terminal restriction fragment analysis not only determined the approximate lengths of these telomere tracts, but most importantly confirmed their terminal chromosome position, as reflected by the BAL31 sensitivity of the detected terminal restriction fragments (Figure 4) . The crucial test of whether A. cepa telomeres are indeed maintained by an active telomerase was performed using in vitro TRAP assays with combinations of 13 variants of a reverse primer derived from the TRFi-filtered output (Table S2 ). The only positive result in TRAP was obtained with reverse primers VRP058 and VRP082, which are identical in their 3 0 sequences (last eight nucleotides). VRP058 consists of two tandem units complementary to the G-rich strand of candidate sequence CTCGGTTATGGG, and the periodicity of the TRAP products corresponded to a 12 bp repeat unit. The modified primer VRP082 was used to prevent possible formation of false products by concatenated primers, but we did not obtain any such products in TRAP clones. Another indication that the cloned sequence is indeed produced by telomerase activity rather than by non-template PCR, for example, is the observed gradual decrease in the amount of TRAP products after dilution of an A. cepa extract from 1.5 lg to 15 ng total proteins (Figure 2a,c) . The possibility that the telomeric sequence was amplified from a contaminating DNA present in the purified protein extract was excluded by inactivation of the extract by heating. Moreover, TRAP assays performed with RNase A-treated extract confirmed that both TERT and telomerase RNA subunits are necessary to generate ladders of TRAP products in Allium.
Our finding that all tested Allium species, including the distant A. cepa and A. ursinum, share the same telomeric sequence supports the hypothesis that the whole genus is a monophyletic taxon (Li et al., 2010) . The novel telomeric sequence shared in distant Allium species also finally characterizes the outcome of the second evolutionary switch in Asparagales, inside Allioideae, that was identified previously (Sykorova et al., 2003 (Sykorova et al., , 2006a . This switch from the vertebrate-type telomeric sequence (TTAGGG) n to the novel sequence (CTCGGTTATGGG) n , that occurred in association with divergence of the Allium genus (Figure 5 ), represents a deeper change than the first switch from (TTTAGGG) n to (TTAGGG) n , whereby synthesis of the The prevalent plant telomeric sequence motif TTTAGGG was first described in A. thaliana (Richards and Ausubel, 1988) (1). Divergent telomeric sequences have been observed in Aloe spp. (Weiss and Scherthan, 2002) and Asparagales (Sykorova et al., 2003) (2), in Cestrum spp. (Peska et al., 2015) (3), and in Allium (this paper) (4). The relationships between families and genera are adapted from the schematic phylogenetic tree presented in Sykorova et al. (2006a) . novel sequence may be caused by a single mutation inside the RNA template region. It is therefore probable that further studies of the molecular details of the transition that occurred in the Allium genus (most probably, a change in the telomerase RNA subunit), as well as the implications of this change for the functioning of telomeres, will be instrumental in understanding the interplay of telomere components and their adaptation to evolutionary changes. In addition to these interesting prospects in basic research, knowledge of the Allium telomere sequence and its mechanism of synthesis is a prerequisite for application of plant artificial chromosome technologies for genetic engineering of this genus, which includes a number of important crop plants. In particular, telomere-mediated chromosomal truncation (Yu et al., 2016) may be potentially applied in association with progress in the onion genome sequencing project SEQUON (http://www.oniongenome.net/) to speed up onion breeding projects.
EXPERIMENTAL PROCEDURES Plant material
Leaves and root tips were collected from Allium ursinum (2n = 14; 1C = 30 pg) (Baranyi and Greilhuber, 1999) in the Cernovick y h ajek nature reserve (Brno, Czech Republic). Root tips of Allium cepa cv. V setana (2n = 16; 1C = 16 pg) (Baranyi and Greilhuber, 1999) were collected from seedlings, seeds were provided by the Central Institute for Supervising and Testing in Agriculture (Brno, Czech Republic). Leaves of A. cepa cv. V setana were collected from field plants grown on a local farm (AZV s.r.o., Vi s nov e, Czech Republic). The Allium species A. angulosum, A. cernuum, A. ericetorum, A. fistulosum, A. nutans, A. sativum, A. scorodoprasum, A. senescens and A. vineale were provided by the Botanical Garden of the Faculty of Science of Masaryk University (Brno, Czech Republic).
DNA isolation
Total genomic DNA of A. cepa used for the GISH probe was isolated from leaves as described by Dellaporta et al. (1983) . Highmolecular-weight DNA samples in agarose plugs (Agarose Low Melt 3; Applichem GmbH, https://www.applichem.com) were prepared from young plant leaves and shoots as described previously (Sykorova et al., 2006a) . De-proteinized plugs were washed twice in 19 TE (10 mM Tris/HCl pH 8.0, 1 mM EDTA pH 8.0) for 30 min at room temperature, then twice in 19 TE with addition of 1 mM phenylmethylsulfonyl fluoride for 30 min at room temperature, and finally in 0.19 TE on ice for subsequent enzyme treatment, or stored in 50 mM EDTA (pH 8.0) at 4°C.
Next-generation sequencing (NGS)
NGS was performed on 11 genomes of Allium species. Briefly, agarose plugs containing high-molecular-weight DNA were split into two pools, one of which was treated with BAL31 exonuclease (NEB, https://www.neb.com/) according to the manufacturer's instructions. Then DNA extraction from agarose and HiSeq 2000 sequencing (Illumina, http://www.illumina.com) of BAL31-treated and non-treated DNA pools was performed by GeneCore (http://genecore3.genecore.embl.de/genecore3/) as described previously (Peska et al., 2015) .
NGS data pre-processing
Quality filtering was performed using Galaxy (http://galaxyproject.org/) (Giardine et al., 2005; Blankenberg et al., 2010; Goecks et al., 2010) in the Czech National Grid Organization MetaCentrum (https://wiki.metacentrum.cz/wiki/Galaxy_application). We trimmed adapters from reads using Cutadapt (Martin, 2011) , discarded pairs with an overlap, and kept only one copy of multiple pairs (amplified pairs that are 100% identical in sequence). The length of reads without adapters was 90 bp in all libraries, except for A. ursinum, which had 83 bp reads. We obtained 336 081 856 preprocessed reads from 22 libraries (one BAL31-digested library and one genomic/undigested library for every species). The number of reads for each NGS library/dataset is shown in Tables S1 and S3.
Tandem Repeats Finder (TRFi) and linguistic sequence complexity analysis (LSCA)
We ran TRFi (Benson, 1999) on the pre-processed data (non-overlapping, paired-end reads without multiple pairs) to identify tandem repeats. From re-calculated TRFi results (Methods S1), we filtered out tandem repeats that (i) had zero occurrences in data without BAL31 treatment in more than two species, or (ii) were more frequent in data with BAL31 treatment than data without BAL31 treatment for more than two species. Based on TRFi analysis and filtering of the results, we designed the primers VRP058 and VRP067. An additional 11 primers were designed from the 50 most frequent tandem repeats (3-15 bp units) that were detected in at least eight species regardless of BAL31 treatment and had two or more adjacent G/Cs in their motifs (Table S2) .
As well as TRFi, we calculated the linguistic sequence complexity of the reads as defined by Orlov and Potapov (2004) and Trifonov (1990) . From the whole datasets, only the least complex reads (with complexity < 10E-15) were selected for further analysis, and reads composed of homopolymers (e.g. runs of adenines) or dinucleotide microsatellites were removed. For each species, the ten least complex repeats were extracted by repeating the following step ten times: in the topmost read, the repeating motif (at least two tandem repetitions, covering at least 70% of the read length) was identified and registered. The current read and all other reads comprising the same tandem repeat (or its reverse complement) were then removed from the dataset. To allow comparison of the datasets, the repeats were represented as their alphabetically simplest equivalent (by circular permutation and reverse-complement conversion in favour of adenines over thymines and cytosines over guanines). Finally, the mutual occurrence of the extracted repeats among the species was counted.
These two bioinformatics approaches differ mainly in two aspects. First, TRFi extracts the motifs from the whole-read datasets while LSCA is limited to only a small portion of the dataset (the least complex reads with tandem repeats). Second, TRFi allows for motif degeneracy, but with LSCA, the degenerate tandem repeats are too complex to appear in the motif extraction step.
To evaluate the strongest candidate from TRFi and LSCA using an independent tool, we performed BLASTN (Altschul et al., 1990) (using options '-dust no' and '-evalue 0.01') with the tandem array of (TTATGGGCTCGG) 9 as the query against a database built from our pre-processed NGS datasets. The same BLASTN set-up was used with rRNA genes as a query (GenBank accession numbers KM117264 and KM117265). The numbers of positive reads from the BAL31 datasets were normalized to the genomic dataset sizes. The decrease/increase in occurrence of the query in datasets after BAL31 treatment was calculated for each species (Table S3) .
Preparation of chromosome spreads
A. ursinum root tips were collected and left in ice-cold water overnight, fixed in a freshly made mixture of ethanol/acetic acid (3:1) in a refrigerator overnight, and processed as described by Mandakova and Lysak (2008) . To obtain root tips with an increased mitotic ratio from A. cepa, we modified the method described by Zhang et al. (1996) (see Methods S1 for more details).
Genomic in situ hybridization (GISH)
Probes for GISH were prepared from total genomic DNA of A. cepa labelled with biotin-16-dUTP (Roche Diagnostics; https://lifescience.roche.com/) in a nick-translation reaction. As a positive control for hybridization, a 25S rDNA probe from A. cepa labelled by PCR with ChromaTide â Alexa Fluor â 488-5-dUTP (Thermo Fisher Scientific, https://www.thermofisher.com) was used as described by Mandakova and Lysak (2008) . The amount of each probe was 200 ng per slide in a hybridization mixture containing 50% deionized formamide/29 SSC/10% dextran sulfate, with a volume of 30 ll per slide. Slides were denatured together with probes at 80°C, and hybridized overnight in a moist chamber at 37°C. Post-hybridization washing steps comprised 3 x 5 min in 40% formamide and 2 x SSC (both at 42°C), 2 9 5 min in 29 SSC at 42°C, and 2 9 5 min in 29 SSC at room temperature. The biotinylated probe was detected using streptavidin/Alexa Fluor â 594 conjugate (Thermo Fisher Scientific). Chromosomes were counter-stained using 4 0 ,6-diamidino-2-phenylindole (DAPI) (1 lg ml À1 in Vectashield antifade mounting medium; Vector Laboratories, vectorlabs.com) and analysed on a Zeiss Axioimager Z1 microscope with a cooled CCD camera and appropriate filter set (Zeiss, http://www.zeiss.com). Images were processed using Adobe Photoshop CS6 (http://www.adobe.com).
Fluorescence in situ hybridization (FISH)
Probes for FISH were prepared from the oligonucleotides VRP058 and VRP059 (Table S2) by non-template PCR (Ijdo et al., 1991) , and subsequently labelled with biotin-16-dUTP (Roche Diagnostics) by nick translation (Mandakova and Lysak, 2008) . Hybridization and detection were performed as described for GISH.
TERT identification in databases
We used the BLASTN algorithm to identify the TERT gene or its remnants in Allium species. The TERT gene SpTERT (GenBank accession number AY818171.1) from Scilla peruviana (from Asparagaceae, a sister family to Amaryllidaceae) was utilized as a query to search the transcriptome shotgun assembly of Allium genus as well as the sequence read archives of A. fistulosum (GenBank accession number DRX005522) and A. cepa (GenBank accession number SRX188612). All A. fistulosum and A. cepa sequences found by BLASTN were mapped to SpTERT using default options for the highest sensitivity mapping in Geneious â 8 (Biomatters Ltd, http://www.geneious.com) to determine approximate positions and orientations of sequences in the putative Allium TERT gene. Subsequently we designed gene-specific primers (Table S2) , derived from mapped Allium sequences, for 5' and 3' RACE of the A. cepa putative TERT gene.
TERT cDNA cloning and characterization
We used the RACE technique to characterize the entire TERT coding sequence in A. cepa (AcTERT). Total RNA was isolated from 5-day-old A. cepa plants using an RNeasy plant mini kit (Qiagen; https://www.qiagen.com/) followed by DNase I treatment using a TURBO DNA-free TM kit (Thermo Fisher Scientific) according to the manufacturer's instructions. The 5 0 and 3 0 RACE products of AcTERT were prepared using a SMARTer â RACE 5 0 /3 0 kit (Clontech; http://www.clontech.com/) according to the manufacturer's instructions, using 1 lg total RNA as a template. We used a combination of universal primer mix (UPM) with the gene-specific reverse primer AcTERT9Rev and forward primer AcTERT9Fw for 5 0 and 3 0 RACE, respectively. The PCR products were cloned using a TOPO â TA Cloning â kit for sequencing, with One Shot â TOP10 chemically competent Escherichia coli and pCR TM 4-TOPO â vector (Thermo Fisher Scientific), sequenced, and submitted to GenBank. The translated coding sequence of the AcTERT gene (formed by assembly of overlapping clones UPMx9R1 and 9F4xUPM) was aligned to other known land plant TERT amino acid sequences using MAFFT (Katoh et al., 2002) to analyse the presence of the plant TERT-specific domains summarized by Sykorova and Fajkus (2009) .
TRAP assays and analysis of reaction products
Preparation of protein extracts and TRAP assays were performed as described previously (Fajkus et al., 1996; Fitzgerald et al., 1996; Sykorova et al., 2003) from 5-day-old seedlings of A. cepa (see Methods S1 for more details). As a substrate primer, we used CaMV, 47F or TS21 oligonucleotides (Table S2 ). For the PCR step, we used the substrate primer as a forward primer in combination with each of 13 reverse primers that were specific to the likely candidate for a telomeric repeat identified in TRFi (VRP primers in Table S2 ). A reaction without protein extract was used as a negative control. The heat and RNase sensitivity of the possible A. cepa telomerase were tested by heating the extract at 95°C for 30 min or by pre-treatment with RNase A, respectively: 1 lg DNase-free RNase A (Applichem GmbH) was added to 10 ll of extract and incubated at 37°C for 30 min. As a reference for estimation of the length of the telomeric repeats added by A. cepa telomerase, telomerase from Arabidopsis thaliana seedlings was utilized to generate a 7 nt periodicity ladder (TTTAGGG) n in a TRAP assay with a combination of the appropriate substrate primer and TELPR reverse primer (Table S2 ). Reaction products were purified, cloned and sequenced as described in Methods S1.
Analysis of BAL31 sensitivity of terminal restriction fragments
High-molecular-weight DNA from A. cepa and A. fistulosum, prepared using the DNA isolation method described above, was treated with nuclease BAL31 to verify the terminal position of a probed sequence. Samples in agarose plugs were digested with three units of BAL31 nuclease (NEB) at 30°C for 0, 15, 30 or 60 min with gentle shaking. The reactions were stopped by replacing the buffer with 50 mM EGTA (pH 8.0) and incubating at 55°C for 40 min. Plugs were washed with 0.19 TE (3 9 15 min), and equilibrated in the appropriate reaction buffer (CutSmart, NEB) for subsequent digestion with Taq a I (NEB) to assess telomere lengths by terminal restriction fragment analysis (Fajkus et al., 1998) . DNA remaining in plugs was separated by pulsed-field gel electrophoresis, while DNA eluted from plugs during restriction enzyme digestion was separated using conventional agarose gel electrophoresis. Separated DNA fragments from both gels were transferred onto Hybond XL membranes (GE Healthcare Life Sciences, http://www.gelifesciences.com/) by Southern blotting, and hybridized with a [ 32 P]-labelled probe. The probe was synthesized by non-template PCR (Ijdo et al., 1991) using VRP058 and VRP059 primers, and labelled using a DecaLabel DNA labeling kit (Thermo Fisher Scientific). Hybridization signals were visualized using a Typhoon FLA 7000 biomolecular imager (FujiFilm, http:// www.fujifilm.com), and telomeric signals were evaluated using Telometric 1.2 (Grant et al., 2001 ) (see Methods S1 for more details).
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